Abstract X-linked Alport syndrome is a form of progressive renal failure caused by pathogenic variants in the COL4A5 gene. More than 700 variants have been described and a further 400 are estimated to be known to individual laboratories but are unpublished. The major genetic testing laboratories for X-linked Alport syndrome worldwide have established a Web-based database for published and unpublished COL4A5 variants (https://grenada.lumc.nl/ LOVD2/COL4A/home.php?select_db=COL4A5). This conforms with the recommendations of the Human Variome Project: it uses the Leiden Open Variation Database (LOVD) format, describes variants according to the human reference sequence with standardized nomenclature, indicates likely pathogenicity and associated clinical features, and credits the submitting laboratory. The database includes nonpathogenic and recurrent variants, and is linked to another COL4A5 mutation database and relevant bioinformatics sites. Access is free. Increasing the number of COL4A5 variants in the public domain helps patients, diagnostic laboratories, clinicians, and researchers. The database improves the accuracy and efficiency of genetic testing because its variants are already categorized for pathogenicity. The description of further COL4A5 variants and clinical associations will improve our ability to predict phenotype and our understanding of collagen IV biochemistry. The database for X-linked Alport syndrome represents a model for databases in other inherited renal diseases.
Alport syndrome
Alport syndrome is an inherited cause of renal failure that affects at least one in 50,000 individuals [1] . Eighty-five percent of families have X-linked disease (MIM 301050) [2] , and mutations in the COL4A5 gene, which codes for the α5 chain of collagen type IV [3] .
Affected males with X-linked Alport syndrome have hematuria from infancy, and later develop renal failure, sensorineural hearing loss, and sometimes lenticonus, retinopathy or corneal dystrophy [4] [5] [6] [7] . Those with end-stage renal failure before the age of 30 years ("juvenile or early onset") are more likely to also have extra-renal features [8, 9] . However, milder phenotypes are recognized increasingly [10] . Females with X-linked disease have persistent hematuria, and sometimes hearing loss and retinopathy, and 15 % develop renal failure by late middle age [11] .
The diagnosis of X-linked Alport syndrome is often problematic. It is suspected when the characteristic clinical features are present, there is a family history of renal failure, the glomerular basement membrane is lamellated [12] , or when the α5(IV) collagen chain is absent from the glomerular or epidermal membrane [13, 14] . Other causes of familial hematuria and renal failure include thin basement membrane nephropathy, IgA disease, and C3 nephropathy [15] . The "gold standard" for the diagnosis of X-linked Alport syndrome is the demonstration of a mutation in the COL4A5 gene (Table 1) . A COL4A5 mutation also confirms X-linked inheritance, which is important because it determines the risk of renal failure in other family members.
Genetic mutations in Alport syndrome
The COL4A5 gene is very large, encompassing 250 kb of genomic DNA and 51 exons encoding a 6.5-kb transcript [16] .
Currently, more than 250 patients with suspected X-linked Alport syndrome undergo genetic testing in a dozen laboratories around the world annually. The speed and scale with which new variants are identified is unprecedented [17, 18] . To date, more than 700 COL4A5 pathogenic and normal variants have been reported, with the majority of diseaseassociated variants being found in only one family each.
All types of pathogenic COL4A5 variants have been described in X-linked Alport syndrome. Fifty percent are large deletions or rearrangements, nonsense or splicing mutations [19] . Forty percent are missense variants, which often result in the substitution of a glycine with a larger or a more highly charged amino acid [8, [20] [21] [22] . Some missense mutations interfere with structural or functional sites in the type IV collagen α5 chain, similar to the changes described with COL1A1 mutations in osteogenesis imperfecta [23, 24] .
COL4A5 variants are also common in normal individuals and any variant in a patient with X-linked Alport syndrome must be examined for likely pathogenicity. A DNA substitution that results in a stop codon, changes the mRNA reading frame, affects a canonical splice site, or results in a large rearrangement probably causes disease [25] . Other variants must generally fulfill several criteria. They typically change the amino acid, substitute for a highly conserved residue, affect a major structural or ligand-binding site, co-segregate with disease within an affected family, and are not present in 100 normal chromosomes or a SNP database. Nevertheless, some disease-associated variants do not change the amino acid sequence, the structural and functional sites in the α5 (IV) collagen chain are poorly characterized, segregation studies are not feasible in families that are small or have atypical disease, and the comparison group of 100 normal chromosomes may not include DNA samples from the patient's ethnicity. Distinguishing between a pathogenic and non-pathogenic variant is usually expensive, prone to error, time-consuming, and results in delays for the patient. Table 1 Uses of genetic testing in X-linked Alport syndrome
• To confirm the diagnosis of Alport syndrome • To exclude the diagnosis of thin basement membrane nephropathy in patients with persistent hematuria • To indicate the mode of inheritance, and hence the risk of renal failure in other family members. To facilitate "cascade testing" for at risk family members • To help predict the risk of early or late-onset renal failure, either because this has been reported previously for the same variant, or else, based on the variant's nature and location. Those individuals with a variant associated with early onset renal failure should undergo treatment with ACE inhibitors. Knowing the pathogenic variant also indicates the risk of renal failure in asymptomatic females who insist on donating a kidney to a family member • To enable early prenatal diagnosis for women at risk of an affected pregnancy • To facilitate preimplantation genetic diagnosis of embryos prior to use in IVF. Disease haplotypes from linkage studies can be used if the mutation is not known • To help predict the likelihood of antiglomerular basement membrane disease post-transplantation • To determine whether a family member is unaffected and may be a renal donor • To increase our understanding of the biochemistry of collagen IV through correlating the effect of pathogenic variants on the protein sequence and clinical phenotype
The most efficient strategy to determine a DNA variant's pathogenicity is to refer to a database, where variants have already been classified as pathogenic or otherwise, and that provides the evidence supporting this assessment or at least contact details for the laboratory that undertook the relevant studies. For such a database to be useful, its variant collection must be current and complete, and its classifications accurate. However, many COL4A5 variants identified in individual laboratories have not been published. The major gene testing laboratories for Alport syndrome worldwide estimate they have more than 400 variants in their records that are unreported. This happens because of the effort required for publication and the lack of interest from journals in small series without a new phenotype or insights. Nevertheless, getting correctly classified and validated variants, even non-pathogenic variants, into the public domain is important because it means that other laboratories do not have to repeat the studies that determined pathogenicity.
Human Variome Project
The Human Variome Project has highlighted the potential significance of the large number of unreported DNA variants in disease-associated genes, and has provided guidelines for their collection and curation in web-based databases (Table 2 ) [26] [27] [28] .
International Alport Mutation Consortium and COL4A5 database
An international consortium of eight genetic testing laboratories for X-linked Alport syndrome (London, Boston, Beijing, Salt Lake City, Barcelona, Cyprus, Maryland, Melbourne), have agreed to submit their unpublished variants to the COL4A5 database that their members curate (https://grenada.lumc.nl/ LOVD2/COL4A/home.php?select_db=COL4A5) and that conforms to the Human Variome Project recommendations.
The database describes variants according to the human reference sequence using standardized nomenclature, and provides the corresponding clinical data and contact details for the submitting laboratory in case more clinical information is required. The database includes non-pathogenic variants and, for epidemiological purposes, variants that have been reported previously in a different family. The database does not yet include patients with similar but atypical phenotypes where no mutation has been found and that potentially identify new genetic loci. The COL4A5 database is curated by "experts"-a renal physician and laboratory scientist, who are both involved in genetic testing for Alport syndrome. It uses the Leiden Open Variation Database (LOVD) format [29] , and is hosted and supported by a server at the University of Leiden, the single largest host of human variant databases worldwide. The LOVD site also provides access to a program to verify mutation nomenclature (Mutalyser), and is linked to both the major US and European Bioinformatics sites at NCBI and EBI. Access to the LOVD COL4A5 variant database is freely available.
All variants submitted to the LOVD database will be shared with an independent, public and also expertlycurated COL4A5 database hosted by the University of Utah (www.arup.utah.edu/database/) [30] . The two databases cross-reference each other. Why have two databases? This is a pragmatic solution to the current circumstance of two databases that were established separately and after a lot of effort. Sharing information and a link means that no laboratory, clinician, or patient will be disadvantaged by consulting a less up-to-date source. In addition, continuing with two independent but collaborative databases provides a means of cross-checking for completeness and accuracy, and increases the likelihood of sustainability. However, only one of these databases includes clinical information.
Many web-based non-LOVD-associated collections of DNA variants are associated with descriptions of the corresponding gene or protein, but include only published variants and not those from laboratories' own collections. Others are incomplete, lack clinical features, Table 2 Major recommendations of the Human Variome Project for Locus-Specific Databases and their curation [27] • Variants are described according to the gene reference sequence and using standardized nomenclature and, frequently, their descriptions incorporate errors (5-40 %) [31] . This is partly because their curators are responsible for many variant collections rather than being experts in the gene of interest.
The Human Variome Project has also provided guidelines on the ethical issues involved in establishing and maintaining a database and, in particular, those posed by sharing patient information across national borders. Its recommendations suggest the need for balance between the value of sharing clinical details and the recognition of an individual's right to privacy [32] . The Human Variome Project acknowledges that different cultures have different views that will inform national law. However, many of these issues have already been resolved previously with publication of mutations and the corresponding phenotypes in journal articles. Often permission for genetic testing includes permission to publish variants and de-identified clinical information in scientific manuscripts and online. Consumer members of the Human Variome Project emphasize that individuals with inherited disease who undergo genetic testing overwhelmingly support their de-identified genetic information being used to help alleviate another family's suffering or potentially identify a cure for their disease. Nevertheless, some databases choose to make clinical information only accessible to registered users, usually other health professionals. The COL4A5 database provides clinical data to all users and also the submitting laboratory's contact details for further information.
Uses of the COL4A5 database

Distinction between pathogenic and non-pathogenic variants
The distinction between a pathogenic and non-pathogenic COL4A5 variant is critical for genetic testing laboratories, because the diagnosis of Alport syndrome implies the affected individual and subsequent generations of their family will develop renal failure. Interpreting a normal variant as pathogenic results in the individual being misinformed about their prognosis. Conversely, misinterpreting a disease-causing variant as normal means that the patient does not have the opportunity for treatment to retard renal failure progression and for reproductive counseling. In addition, family members cannot determine their disease status.
The distinction between pathogenicity and non-pathogenicity requires the documentation of disease-causing and normal variants, from genetic diagnostic laboratories. To date, fewer than 100 non-pathogenic COL4A5 variants have been described by diagnostic laboratories. While intronic changes are likely to be more abundant because of the larger intron size, they are not detected because laboratory testing strategies focus on the DNA coding region. Non-pathogenic variants are also less well-documented in non-Europeans, which makes variant interpretation in Chinese, African, and Indian people particularly problematic. Thus, identifying novel non-pathogenic COL4A5 variants within the coding regions from non-Europeans is a priority for our databases. The "1000 Genomes" and "Hapmap" Projects have identified relatively few normal coding region CO-L4A5 variants but exomic and next generation sequencing are likely to do so.
Using mutations to predict clinical phenotype and severity
In X-linked Alport syndrome, some pathogenic DNA variants are consistently associated, in different families, with early onset renal failure and extrarenal features, such as hearing loss, lenticonus, and retinopathy [8, 33] . These associations have been sufficiently strong to develop rules for genotype-phenotype correlations that have been confirmed in different populations. Thus, reference to a DNA variant database potentially indicates to the clinician, from the time of presentation, the likelihood of early onset renal failure and the possible need for renin-angiotensin system blockade even before the onset of proteinuria [34, 35] .
Both the nature and the location of a COL4A5 mutation contribute to the likelihood of early onset renal failure and extra-renal manifestations in males [8, 9, 20, 33] . Thus, large deletions and rearrangements, nonsense, and splicing mutations are associated more often with renal failure before the age of 30 years, as well as hearing loss, lenticonus, and retinopathy [8, 9, 20, 33] . Missense mutations at the collagen chain carboxy terminus, or where glycine is replaced with bulkier or charged amino acids such as arginine, glutamic acid, or glutamine [8, 22, 33] also often result in severe disease. Mutations affecting major structural or ligandbinding sites, such as those for integrins, may result in a poorer outcome, too [24, 36] . Importantly, there are also disease-associated variants that produce a mild clinical phenotype with later-onset renal failure, possibly because the variants are located near non-collagenous interruptions [10] .
In females, the effect of a mutation on clinical phenotype is less consistent because of random X chromosome inactivation.
The more pathogenic and non-pathogenic variants reported, the greater our ability to use precedent to predict clinical phenotype. Even when a variant has not been described before, a variant database that includes clinical features increases our understanding of its effect on the collagen α5(IV) chain and thus phenotype.
Increasing our understanding of the biochemistry of the collagen IV α3α4α5 network in the glomerular basement membrane
The very first DNA variant database was established to explain the structure-function relationships of the globin chain, and this approach has proven useful for many proteins including type I collagen [24] . A linear protein map or "interactome" of the collagen I α1α1α2 heterotrimer demonstrates a major cell interaction domain that regulates integrin-mediated cell binding and fibril remodeling, and a matrix interaction domain that determines cross-linking between the chains, proteoglycan interactions, and tissue mineralization. Missense mutations affecting the collagen I major ligand-binding sites result in more severe forms of the inherited disease, osteogenesis imperfecta [24] .
Interactomes have recently been published for the collagen IV α1α1α2, α3α4α5 and α5α5α6 molecules [36] . These demonstrate functional domains for autoimmunity, tumor growth and inhibition, and infection, with multiple related ligands binding within these locations. The maps also suggest that missense mutations affecting major ligand binding sites result in distinctive phenotypes. Thus, missense mutations affecting the collagen IV α1 chain that produce hereditary angiopathy, nephropathy aneurysms and muscle cramps (HANAC) syndrome are all located near the binding site for von Hippel Lindau binding protein, and HANAC syndrome shares clinical features with von Hippel Lindau disease. In addition, missense mutations affecting integrin binding sites in the collagen IV α5 chain possibly result in X-linked Alport syndrome with early onset renal failure [23, 36] .
The better populated the collagen IV maps are with structural domains, ligand-binding sites and missense mutations, the more information they yield about the effect of mutations on clinical phenotype and about collagen IV biochemistry.
Databases available for variants in other inherited renal diseases
Databases for the COL4A3 and COL4A4 genes have also been established (http://grenada.lumc.nl/LOVD2/COl4A/ home.php?select_db=COL4A3, COL4A4), to improve the diagnostic accuracy and genotype-phenotype correlations in autosomal recessive Alport syndrome and Thin basement membrane nephropathy. These can be used to correlate mutations with clinical phenotypes in autosomal recessive Alport syndrome, and to explain why some heterozygous mutations result in Thin basement membrane nephropathy with normal renal function, and others produce autosomal dominant Alport syndrome with renal failure.
Mutation databases are already available for many other renal diseases including autosomal dominant polycystic kidney disease (PKD1, PKD2 variants), autosomal recessive polycystic kidney disease (PKHD1 variants) [37, 38] , focal and segmental glomerulosclerosis (NPHS2 variants) [39] , and nephronophthisis [40] . Databases for the commonest renal diseases are often curated by major laboratories working on these diseases, and are complete and up to date. However, many other databases, especially those for which there is a fee, are curated by non-experts, and include only published variants, rather than encouraging diagnostic laboratories to submit their still unpublished mutations. In addition, these databases rarely include clinical features or normal gene variants. However, these are also common problems with mutation databases for diseases in other organ systems [41] .
Conclusions
The Human Variome Project envisages a curated locus-or gene-specific variant database for each protein affected in human disease [42] . Pathogenic variants have been described in more than 120 different genes in inherited kidney disease [43] , but collaborative efforts are required to develop variant databases that are current, complete, accurate, and freely available. These will benefit patients, diagnostic laboratories, clinicians, as well as researchers.
